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Objectives: The purpose of this in vitro study was to evaluate the inter- and intraexaminer 
reliability of digital bitewing (DBW) radiography and near-infrared light transillumination 
(NIRT) for proximal caries detection and assessment in posterior teeth.
Methods: From a pool of 85 patients, 100 corresponding pairs of DBW and NIRT images 
(~1/3 healthy, ~1/3 with enamel caries and ~1/3 with dentin caries) were chosen. 12 dentists 
with different professional status and clinical experience repeated the evaluation in two blinded 
cycles. Two experienced dentists provided a reference diagnosis after analysing all images inde-
pendently. Statistical analysis included the calculation of simple (κ) and weighted Kappa (wκ) 
values as a measure of reliability. Logistic regression with a backward elimination model was 
used to investigate the influence of the diagnostic method, evaluation cycle, type of tooth, and 
clinical experience on reliability.
Results: Altogether, inter- and intraexaminer reliability exhibited good to excellent κ and wκ 
values for DBW radiography (Inter: κ = 0.60/ 0.63; wκ = 0.74/0.76; Intra: κ = 0.64; wκ = 0.77) 
and NIRT (Inter: κ = 0.74/0.64; wκ = 0.86/0.82; Intra: κ = 0.68; wκ = 0.84). The backward 
elimination model revealed NIRT to be significantly more reliable than DBW radiography.
conclusions: This study revealed a good to excellent inter-  and intraexaminer reliability 
for proximal caries detection using DBW and NIRT images. The logistic regression analysis 
revealed significantly better reliability for NIRT. Additionally, the first evaluation cycle was 
more reliable according to the reference diagnoses.
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introduction
Appropriate treatment of dental caries requires valid 
and reliable methods to detect proximal caries lesions.1–3 
In addition to visual examination, bitewing radiography 
is the method of choice to date to detect caries lesions 
on hidden surfaces.4–6 Near-infrared light transillumina-
tion (NIRT) of posterior teeth is a novel non-ionizing 
imaging method for the detection of proximal caries 
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lesions.7 The technique combines the application of 
near-infrared light with digital imaging. Optical prop-
erties of demineralized dental tissue differ distinctively 
from those of the surrounding tissue when longwave 
light is applied. Sound enamel is highly transparent in 
the near-infrared portion (700 nm−1 mm) of the electro-
magnetic spectrum because the attenuation coefficient 
is lower than in the visible range (400–700 nm).8 The 
altered structure of demineralized enamel with larger 
numbers of pores and interprismatic water accumula-
tion causes increases in light scattering and absorption 
in these tissues. Therefore, high-contrast visualization 
of enamel caries lesions is possible using this technique.
Scattering in dentin is a more complex process, as 
the dentinal tubules behave as Mie scatterers.9,10 These 
scatterers describe the scattering of an electromagnetic 
plane wave by a homogeneous sphere. The transillumi-
nation of dentin does not exhibit a significant decrease 
in scattering from the ultraviolet to the infrared spec-
tral range that can be attributed to enamel.11 There-
fore, imaging caries lesions at such high contrast is not 
possible in dentin.
A recently introduced diagnostic device, the DIAG-
NOcam (KaVo, Biberach, Germany, 2012), uses NIRT 
to visualize the different dental hard tissues and their 
condition in posterior teeth. Two near-infrared laser 
diodes with a wavelength of ~780 nm and a power of 
1 mW cm–2 transmit light through the alveolar bone and 
the dental hard tissue. An image of the transilluminated 
tooth is captured by a charge-coupled device sensor and 
displayed on a standard monitor (Figure 1). The image 
displays the tooth from the occlusal surface. High-con-
trast visualization of enamel caries is possible, whereas 
dentin caries lesions can only be visualized indirectly.12
In previous investigations, digital bitewing (DBW) 
radiography and NIRT presented equal clinical perfor-
mance concerning the detection of proximal dentin 
caries in vivo.12,13 Dentists require practical scoring or 
classification criteria for the reproducible documenta-
tion and monitoring of clinical findings. Therefore, a 
disease severity scale for proximal caries lesions assessed 
with NIRT was recommended for this purpose in 2014 
(Table 1).13 To date, only limited information regarding 
the diagnostic reliability of NIRT compared to DBW 
radiography has been available.15 Therefore, the objective 
of this study was to analyse the inter- and intraexam-
iner reliability of proximal caries detection using DBW 
radiography and NIRT, including diagnostic decisions 
of multiple dentists. Moreover, different influencing 
variables, such as the involved methods, evaluation 
cycle, clinical experiences of the investigators and tooth 
type were included in our logistic regression analysis. 
Figure 1  Clinical example of the distal surface of a premolar: (a) no visual signs of a proximal caries lesion; (b) digital bitewing radiograph: 
radiological translucence involved the enamel–dentin junction and reached the part of the dentin (D3 level); (c) near-infrared light image: a rectan-
gular shading in the enamel with linear contact to the dentino–enamel junction (Score 4). Both, DBW and NIRT image, indicate a dentin caries 
lesion. DBW, digital bitewing; NIRT, near-infrared light transillumination.
table 1  Caries diagnostic criteria for the assessment of digital bitewing radiographs14 and near-infrared transillumination images13
Digital bitewing radiography Near-infrared transillumination
Score Description Score Description
0 No caries visible 0 No caries visible
D1 Caries in the outer half  of enamel 1 First visible signs of caries within the enamel
D2 Caries in the inner half  of enamel 2 Sign of established caries with the enamel
D3 Caries in the outer half  of dentin 3 Caries with a point contact to the dentino–enamel junction
D4 Caries in the inner half  of dentin 4 Caries with a linear contact with the dentino-enamel junction
 5 Caries visible within dentin
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The null hypothesis of this study was that no difference 
exists in the inter and intraexaminer reliability between 
DBW radiography and NIRT.
Methods and materials
This in vitro reliability study used DBW and NIRT 
images from patients who were included in a previous 
clinical diagnostic study.12 In this trial, 85 subjects (38 
males and 47 females, mean age 25.0 years) with full 
permanent dentition and an overall healthy status were 
included. Each participant provided written informed 
consent. The local Ethics Committee approved this 
study (Project No. 013–12).
Image selection and reference diagnoses
In total, 211 image pairs consisting of DBW radio-
graphs and their corresponding NIRT images were 
initially preselected according to the following criteria. 
All images were required to exhibit optimal contrast, 
brightness and sharpness. Each image exhibited at least 
one proximal surface with an adjacent tooth that was 
sound or showed varying degrees of proximal caries 
lesions. Furthermore, the relevant interproximal space 
of the selected images was depicted without signifi-
cant overlapping effects. Surfaces with restorations, 
secondary caries, residual caries, hypomineralizations 
and orthodontic appliances were excluded. Before 
radiological assessment, each patient was asked whether 
DBW radiographs had been taken within the preceding 
4 months. If  these current images were available in suffi-
cient quality, they were evaluated. In the case of present 
justifying indication, new DBW radiographs were 
made using an intraoral X-ray dental machine with a 
203 mm tube (Heliodent DS, Sirona, Bensheim, 
Germany) including an X-ray field limitation (30 × 
40 mm) with a charge-coupled device sensor (Intra-
oral II, sensor size 30.7 × 40.7 mm, Sirona, Bensheim, 
Germany). The exposure time was 0.06 s at a cathode 
voltage of 60 kV and an amperage of 7 mA. A sensor 
holding device (XPP-DS Digital Sensor Holders for 
Sirona, Dentsply Rinn, Elgin, IL) was used at all times.
Two investigators (JK and FL) provided a refer-
ence diagnosis for all of initially pre-selected pairs of 
DBW and NIRT images according to the given criteria 
in Table 1.13, 14 Both analysed all images independently 
in two evaluation cycles under optimal conditions with 
calibrated monitors in a darkened room. Then, both 
investigators compared their results to determine a 
reference diagnosis for each surface. If  the investiga-
tors reached different conclusions, they reassessed the 
images, discussed their points, and came to a consensus 
score. Finally, 100 image pairs with a well-balanced 
distribution of different lesion stages (34 sound, 33 
enamel caries, and 33 dentin caries) were included to 
avoid any under- and overrepresentation of one caries 
stages.
All selected DBW and NIRT images were assigned to 
a unique identification number. Furthermore, a mark up 
was embedded on each image to highlight the rele-
vant site, aiming to avoid misclassifications. To reduce 
the recognizability and memorability during the study 
period, each sequence of images was randomly changed 
between the first and second cycle of examinations for 
DBW and NILT images, respectively. The randomiza-
tion list was only known to the principle investigators 
(JK and FL), who did not participate in the subsequent 
reliability study. All four image sequences were exported 
to separate PDF documents for the convenience of the 
participating dentists.
Reliability study
A group of 12 dentists with different professional status 
and clinical experience participated in this investigation. 
Four dentists had less than 2 years of clinical experi-
ence, four dentists had between 2 and 5 years of clinical 
experience, and four of had >10 years of clinical experi-
ence. Most of the investigators (N = 8) were employed at 
different universities, whereas the remaining four inves-
tigators worked in private practices. All received basic 
half-a-day theoretical and practical training sessions 
prior to participation. The dentists were introduced to 
the NIRT method. Furthermore, the study design and 
scoring criteria (Table  1)13,14 were explained, and the 
dentists were trained. Subsequently, all 100 DBW radio-
graphs and NIRT images were analysed in two evalua-
tion cycles by all investigators with a minimum interval 
of 4 weeks to ensure blinding between the diagnostic 
decisions. Thus, a total of 2400 diagnoses were obtained 
for each method. All participants were encouraged 
to perform the evaluation without any help by other 
colleagues within 2 weeks. The image evaluation was 
performed on a standard calibrated monitor in a dark-
ened room.
Statistical analysis
All scores from the dentists were entered in an Excel 
spreadsheet (Excel 2016, Microsoft, Redmond, WA). 
The data analysis was performed using SAS 9.3 (SAS 
Institute, Cary, NC) and R 3.3.2 (R Core Team, Vienna
, Austria).16 The descriptive analysis included the calcu-
lation and illustration of  the percentage of  agreement. 
Simple Kappa (κ) and weighted Kappa (wκ) coefficients 
were computed as measure of  agreement to determine 
the inter-  and intraexaminer agreement among the 
included investigators and in relation to the reference 
diagnoses  (Tables 2 and 3).17,18 Furthermore, to deter-
mine the reliability with reference diagnoses (Table 4), 
the values from all dentists (N = 12) were analysed in 
relation to the reference diagnoses and the κ coefficients 
were calculated. Fleiss–Cohen weights were used for the 
calculation of  weighted κ coefficients.18 κ-values were 
categorized as low (≤0.40), moderate (0.41 to 0.60), 
good (0.61 to 0.80), and excellent agreement (0.81 to 
1.00).19
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Furthermore, logistic regression analysis using a 
backward elimination model was performed for the 
outcome (correct/incorrect diagnosis in relation to 
consensus) vs measure. The analysis was adjusted for 
diagnostic method, evaluation cycle,  experience and 
tooth.
Results
An overview of all diagnostic decisions in relation to 
the reference diagnoses is presented in Figure 2. Most 
diagnostic decisions of DBW radiography and NIRT 
were registered on the diagonals. Incorrectly classified 
diagnoses exhibited a deviation in most cases of only 
plus/minus one diagnostic score and were found in one 
of the neighbouring diagnostic categories. An insignif-
icant number of incorrect diagnoses differed by up to 
three categories.
Tables 2 and 3 present the intra- and interexaminer 
reliability based on wκ values for DBW radiography 
and NIRT (the κ-values exhibited a similar distribu-
tion; data not shown). Analyses of all interexaminer 
data of the first evaluation cycle revealed that 69.8% of 
table 2  Inter- and intraexaminer reliability values for digital bitewing radiography, which was calculated among all dentists and in relation to 
the reference diagnoses
Weighted κ for digital bitewing 
radiography
Firstst Eevaluation cycle of each dentist






1 0.83 0.74 0.71 0.45 0.67 0.71 0.74 0.77 0.73 0.79 0.80 0.65
1 0.79 0.81 0.77 0.68 0.44 0.62 0.67 0.72 0.72 0.73 0.72 0.72 0.69
2 0.72 0.76 0.72 0.58 0.40 0.55 0.66 0.67 0.67 0.68 0.68 0.66 0.64
3 0.77 0.80 0.74 0.56 0.49 0.66 0.78 0.80 0.75 0.78 0.73 0.72 0.70
4 0.74 0.77 0.73 0.53 0.49 0.65 0.71 0.78 0.74 0.76 0.73 0.70 0.68
5 0.71 0.76 0.73 0.51 0.49 0.66 0.73 0.78 0.80 0.78 0.77 0.73 0.66
6 0.79 0.79 0.74 0.57 0.52 0.66 0.79 0.74 0.80 0.76 0.83 0.76 0.66
7 0.68 0.71 0.75 0.52 0.45 0.63 0.74 0.77 0.73 0.76 0.73 0.67 0.58
8 0.77 0.80 0.72 0.56 0.45 0.59 0.76 0.75 0.83 0.79 0.86 0.75 0.62
9 0.79 0.77 0.75 0.63 0.44 0.64 0.75 0.71 0.73 0.77 0.73 0.72 0.71
10 0.84 0.83 0.75 0.71 0.46 0.66 0.70 0.71 0.75 0.72 0.85 0.77 0.65
11 0.84 0.82 0.74 0.63 0.51 0.66 0.71 0.75 0.81 0.77 0.80 0.84 0.66
12 0.74 0.79 0.75 0.65 0.52 0.67 0.70 0.73 0.73 0.78 0.75 0.68 0.81
Italic numbers illustrate intra-examiner values.
table 3  Inter- and intraexaminer reliability values for near-infrared transillumination, which were calculated among all dentists and in relation 
to the reference diagnoses
Weighted Kappa for near-infrared 
transillumination
First Evaluation cycle of each dentist
Reference diagnoses 1 2 3 4 5 6 7 8 9 10 11 12
Second Eevaluation 
cycle of each dentist
Reference 
diagnoses
1 0.80 0.87 0.96 0.76 0.92 0.64 0.88 0.84 0.92 0.97 0.78 0.92
1 0.85 0.72 0.80 0.88 0.69 0.84 0.56 0.83 0.83 0.89 0.83 0.76 0.85
2 0.83 0.66 0.78 0.84 0.66 0.82 0.56 0.80 0.80 0.88 0.80 0.75 0.82
3 0.83 0.69 0.77 0.85 0.66 0.83 0.60 0.85 0.81 0.83 0.84 0.75 0.87
4 0.67 0.57 0.64 0.69 0.58 0.68 0.47 0.69 0.76 0.65 0.65 0.67 0.67
5 0.84 0.69 0.81 0.87 0.67 0.83 0.54 0.82 0.82 0.89 0.82 0.75 0.84
6 0.63 0.30 0.57 0.62 0.55 0.64 0.72 0.60 0.59 0.62 0.65 0.62 0.62
7 0.85 0.66 0.79 0.86 0.66 0.85 0.54 0.90 0.85 0.85 0.83 0.78 0.86
8 0.85 0.72 0.83 0.85 0.71 0.85 0.58 0.88 0.96 0.86 0.85 0.82 0.83
9 0.87 0.67 0.80 0.87 0.71 0.85 0.56 0.80 0.81 0.88 0.85 0.75 0.87
10 0.86 0.71 0.81 0.86 0.70 0.84 0.60 0.85 0.84 0.88 0.85 0.79 0.86
11 0.76 0.59 0.77 0.78 0.67 0.77 0.60 0.78 0.79 0.75 0.76 0.84 0.78
12 0.95 0.74 0.83 0.92 0.72 0.88 0.62 0.87 0.84 0.95 0.93 0.77 0.90
Italic numbers illustrate intra-examiner values.
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the DBW radiographs and 79.0% of the NIRT images 
were correctly assessed. The second evaluation cycle 
presented a concordant diagnosis of 72.4% for the 
DBW radiographs and 71.2% for the NIRT images. The 
level of agreement of the diagnoses in the second eval-
uation cycle increased for DBW radiographs but was 
reduced for NIRT images (Table 4). The interexaminer 
wκ increased from 0.74 to 0.76 for the evaluation of 
DBW radiographs and decreased from 0.86 to 0.82 for 
NIRT images.
According to the binomial logistic regression, the 
diagnostic method and the evaluation cycle signifi-
cantly influenced the reliability. NIRT images [adjusted 
odds ratio (aOR) 0.82] had a higher likelihood of being 
correctly diagnosed, whereas NIRT diagnoses of the 
second evaluation cycle (aOR 1.12) were more likely 
incorrect. Clinical experience or the tooth type did 
not have any significant effect on the accuracy of the 
diagnosis.
Discussion
In this study, we aimed to investigate the inter- and 
intraexaminer reliability of  DBW radiography and 
NIRT for caries detection and assessment on proximal 
surfaces. We hypothesized that both methods exhibited 
similar results for inter- and intraexaminer reliability. 
In general, both diagnostic methods revealed good to 
excellent reliability (Figure  2 and Tables  2–4). When 
comparing the reliability of  both methods, good wκ 
values were obtained for inter- and intraexaminer reli-
ability of  DBW radiographs. Good and even excellent 
wκ values were more frequently obtained for NIRT 
images. The analysis of  inter-  and intraexaminer 
reliability of  DBW radiography and NIRT revealed 
results in or better than the typical range of  previously 
published studies.15, 20–22
Considering the results from all κ statistics and the 
logistic regression analysis, the initially formulated 
hypothesis must be rejected. NIRT exhibited signifi-
cantly better inter- and intraexaminer reliability than 
DBW radiography (Tables 4 and 5). A possible inter-
pretation for this finding might be that enamel caries 
lesions on proximal sites imaged with NIRT exhibited 
unambiguous characteristics. Therefore, it might be 
argued that little room for interpretation existed, as 
often occurs on DBW radiographs with early lesions. 
Previous studies have demonstrated that DBW radio-
graphs have less contrast, resulting in relatively low 
sensitivity values.23 This observation is consistent with 
recent experiences from dental practice. For example, 
enamel caries lesions are easily detected on NIRT 
images, but the corresponding DBW image does 
not exhibit any clear indications of  the presence of 
proximal demineralizations. This notion might be a 
possible explanation for the slightly weaker reliability 
of  DBW radiography in this study.
Furthermore, we analysed the influence of certain 
co-variables on reliability. Apart from the above-men-
tioned, significance of the diagnostic methods, the 
logistic regression model revealed that only the cycle 
of examination had a significant influence on reliability 
(Table 5). The first cycle of examination (aOR 1.0) was 
associated with an increased likelihood of a correct diag-
nosis compared to the second examination (aOR 1.14). 
This result was predominately supported by the data of 
the NIRT method (Table 4). In contrast to this finding, κ 
and wκ values were slightly but significantly higher in the 
case of DBW radiography. When explaining these find-
ings, it should be noted that one could expect a moderate 
increase in the reliability between the first and second 
evaluation cycles in such a study. This effect could be 
attributed to learning and memory effects, given that the 
examiners can remember previously observed images. 
Furthermore, a training course and participation in a 
study could increase the awareness of each investigator, 
which may result in better clinical diagnostics. When 
considering such effects, the results from DBW radiog-
raphy are consistent with this assumption. In contrast 
to this finding, the significantly lower reliability values 
of NIRT images are difficult to explain. An unproven 
hypothesis could be that all examiners made greater 
efforts to assess the NIRT images correctly during the 
first investigation and neglected the importance of the 
second course. However, this assumption contrasts with 
the findings of the DBW radiography images.
table 4  Overall inter- and intraexaminer reliability values for digital bitewing radiography and near-infrared transillumination
Evaluation cycle % agreement Reliability with reference diagnoses Intra-examiner reliability
Kappa Weighted Kappa p-value Kappa Weighted Kappa p-value
DBW first evaluation 69.8% 0.60 (0.57–0.64) 0.74 (0.72–0.77) <0.0001 0.64 (0.61–0.67) 0.77 (0.75–0.80) 0.0001
DBW second 
evaluation
72.4% 0.63 (0.60–0.67) 0.76 (0.74–0.79) <0.0001
NIRT first evaluation 79.0% 0.74 (0.71–0.77) 0.86 (0.84–0.88) <0.0001 0.68 (0.65–0.71) 0.84 (0.82–0.85) 0.004
NIRT second 
evaluation
71.2% 0.64 (0.61–0.67) 0.82 (0.80–0.84) <0.0001
DBW, digital bitewing; NIRT, near-infrared light transillumination.  The percentages of agreement and κ-values were calculated for all 
investigators in relation to the reference diagnoses.
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Our research exclusively investigated the reliability 
of  DBW radiography and the new NIRT method 
for proximal caries detection and assessment with 
inclusion of  different co-variables (Table 5). Another 
strength of  our study design is the inclusion of  12 
examiners and 100 image pairs. Each evaluation cycle 
was randomly sorted to eliminate recognizability 
and memorability effects. Each evaluation cycle was 
blinded and randomized with a 4-week time interval 
before the next cycle to avoid any active influence by 
the examiners. Another unique feature of  this study 
was the use of  a logistic regression model to weight the 
influence of  any co-variables. We had performed the 
power calculation for the DBW data alone using the 
R package kappaSize, because the sample size calcula-
tion for reliability studies is clear when the number of 
raters are two or more, with an equal number of  ratings 
per subject and a maximum of  five categories (DBW 
with five  vs  NIRT with six categories).24,25 Having 100 
specimens in this study would have a power over 80% 
even after considering the presence of  six categories 
with the NIRT technique. In addition, one critical 
argument is that the principal investigators chose all 
DBW and NIRT images subjectively based on strict 
quality criteria. We aimed to select unambiguous 
cases that were not negatively influenced by fuzziness, 
overlapping or any additional diagnoses. Therefore, 
this selection strategy might not be representative of 
clinical practice, where often less-than-perfect images 
need to be assessed. It could also be argued that the 
image selection had a positive influence on the docu-
mented reliability data. No validation of caries exten-
sion was performed  as this would require an invasive 
evaluation of  healthy surfaces in  vivo  or those with 
non-cavitated caries lesions which can not be justified 
due to ethical reasons.
conclusions
In addition to its strengths and limitations, this study 
revealed a good to excellent inter-  and intraexaminer 
reliability for proximal caries detection using DBW and 
NIRT images. The logistic regression analysis revealed 
significantly better reliability for NIRT. In addition, the 
first evaluation cycle was more reliable than the second 
according to the reference diagnoses.
Figure 2  Illustration of inter- and intraexaminer agreement for digital bitewing radiographs and near-infrared transillumination images between 
the first and second evaluation cycles and the relationship to the reference diagnoses.
table 5  Adjusted odds ratio with corresponding 95% CI; p-values 
were computed according to the logistic regression model using back-
ward elimination
Co-variables Groups aOR 95% CI p-value
Diagnostic 
method
DBW 1 - -
NIRT 0.82 0.72–0.93 0.002
Evaluation 
cycle
First evaluation 1 - -
Second evaluation 1.14 1.00–1.30 0.04
Clinical 
experience
0–1 year 1 - -
2–5 years 0.96 0.75–1.23 0.76
>5 years 0.93 0.74–1.18 0.55
Tooth type Molars 1 - -
Premolars 0.94 0.79–1.13 0.51
aOR, adjusted odds ratio; CI, confidence interval; DBW, digital 
bitewing; NIRT, near-infrared light transillumination.
Bold numbers illustrate a significant influence.
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